Members of the cathelicidin family are present in all mammals studied. Generally, these proteins contain a conserved N-terminal domain and a structurally and functionally divergent C-terminal region that expresses antibacterial or other activities when proteolytically released. Rabbit granulocytes produce CAP18, a cathelicidin that conforms to this structural and functional organization, and also 15-kDa protein isoforms (p15s) that share several key structural features with other cathelicidins but apparently do not undergo processing with release of an active peptide. To further define the importance of proteolysis in the antibacterial activities of these proteins, we have purified from granulocytes proCAP18, its C-terminal peptide (CAP18p), and two p15 isoforms to apparent homogeneity. Of these four polypeptides, only CAP18p was independently cytotoxic to encapsulated Escherichia coli (90% inhibitory concentration, ϳ600 nM) but it was ϳ50-fold less potent on a molar basis than the bactericidal/permeability-increasing protein (BPI). However, all four cathelicidin species, notably including proCAP18, exhibited antibacterial synergy with BPI, and the p15s also displayed synergy with CAP18p in the absence of BPI. Subnanomolar concentrations of proCAP18 blocked lipopolysaccharideinduced chemiluminescence of human leukocytes, showing a molar potency more than 100-fold greater than that of CAP18p (ϳ20 nM) or BPI (ϳ50 nM). Thus, while independent bactericidal activity of cathelicidins requires processing, other host-defense functions do not and are more potently expressed by the unprocessed protein than by the C-terminal peptide.
The preformed antimicrobial polypeptides of the polymorphonuclear granulocytes provide essential first-line defenses against microbial infection. While many innate defense polypeptides are active directly, for example, the bactericidal/permeability-increasing protein (BPI) and lysozyme (4), several classes have been reported to require proteolytic processing for biological activity, e.g., defensins (16, 27) and cathelicidins (33, 34) . Since many antimicrobial polypeptides also affect host cell functions (17, 20) , proteolytic activation presumably serves to limit dysregulated expression of these activities and autotoxicity. Most cathelicidin family members have been cloned as cDNAs, and in accordance with the belief that the antimicrobial peptide contains all determinants of cathelicidin function, testing for antibacterial and other activities has been generally limited to synthetic C-terminal peptides (25, 26 ). An exception is the bactenecin family. In seminal studies on cathelicidin processing, Scocchi et al. and Zanetti et al. purified the proforms of Bac5 and Bac7 and showed that each lacks independent antimicrobial activity in contrast to the relatively potent C-terminal peptides produced during cellular activation (21, 33, 34) .
Several isoforms of 15-kDa proteins have been purified and cloned from rabbit granulocytes and shown to neutralize lipopolysaccharide (LPS) and exhibit antimicrobial synergy with BPI (11, 12, 18) . Hirata et al. and Larrick et al. isolated a bioactive peptide, and upon cloning its cDNA, they reported that this peptide (called CAP18p) corresponded to residues 106 to 142 of the proform referred to as proCAP18 (7, 10) . The antimicrobial and LPS-neutralizing activities of CAP18p have been well characterized, but the preparations used in these studies and described as the parental form (proCAP18) were apparently at least partly processed since the sequence derived from Edman degradation corresponded to that of the C-terminal peptide (7, 10) . Thus, unprocessed native proCAP18 has not yet been isolated and characterized. In light of previous studies showing potent antimicrobial synergy among some of these proteins (12), a first requirement was to ensure that such analysis was not confounded by contamination of the individual agents with each other. It was therefore necessary to improve the methods for the purification to apparent homogeneity of the agents under study. For the first time, proCAP18 and its C-terminal peptide (CAP18p) could be resolved from each other and also from the cathelicidin-related p15A and p15B. By biochemical, immunological, and bioactivity criteria, cross-contamination of the purified proteins was Յ0.1%, allowing reliable analysis of some of their actions.
The results show that in contrast to the prevailing view, cathelicidin proforms can be potent participants in host defense against infectious agents, especially in complex settings wherein synergy among antimicrobial polypeptides is an important determinant of their effectiveness.
Cross, University of Maryland) (1) was transformed with pCGLS1 (5), a plasmid containing the bacterial luciferase of Xenorhabdus luminescens (generously provided by E. Peter Greenberg, University of Iowa), conferring a bioluminescent phenotype on ampicillin-selected bacteria. Transformants were subcultured (1:50) directly from an overnight culture and grown in tryptic soy broth containing ampicillin (100 g/ml) at 37°C with agitation until mid-log phase (about 3 to 4 h). Subcultures were centrifuged at 600 ϫ g for 2 min, and the pellet was resuspended in sterile saline. The bacterial concentration was determined spectrophotometrically at 550 nm, and the bacteria were added to Hanks' balanced salt solution without divalent cations [HBSS(Ϫ)] supplemented with 0.3% Casamino Acids and buffered with 10 mM HEPES, pH 7.4. Bacterium-containing test medium (90 l) was placed in black polypropylene 96-well plates (Uniplate no. 7701-7350; Whatman Polyfiltronics, Clifton, N.J.) to which 10-l protein dilutions or buffer was added, and luminescence was measured at 37°C in a Lucy I luminometer (Anthos) with intermittent agitation over 2 h. Data presented are expressed relative to untreated control bacteria.
LPS-induced leukocyte chemiluminescence. Human venous blood was collected after informed consent was obtained, and the blood was diluted immediately into pyrogen-free dextran in HBSS(Ϫ) to a final concentration of 1% dextran and allowed to sediment at RT for 30 min. The leukocyte-rich supernatant was removed and washed twice in HBSS(Ϫ) and pelleted at 100 ϫ g for 5 min at 18°C. Leukocytes were counted in a hemocytometer, diluted to a concentration of 1 ϫ 10 6 /ml of HBSS with divalent cations [HBSS(ϩ)] buffered with 10 mM HEPES, pH 7.4, and supplemented with 1% human serum albumin and 30 M lucigenin (bis-N-methylacridinium nitrate; Sigma). Recombinant LPS binding protein (LBP) (a kind gift of Xoma, Ltd., Berkeley, Calif.) was added to a concentration of 10 nM. Five microliters of protein diluted in 20 mM sodium acetate, pH 4.0, or buffer alone was added to 90 l of cells prealiquoted in black polypropylene 96-well plates. To these cells, 5 l of sonicated LPS [E. coli J5, Rc chemotype (List Biological Laboratories, Campbell, Calif.) diluted in HBSS(Ϫ) and supplemented with 1% human serum albumin] was added. Luminescence was measured for 5 s every 10 min at 37°C in a Lucy I luminometer.
RESULTS

Purification and identification of rabbit cathelicidins.
The first goal was to purify each of four species of cathelicidins from rabbit PMNL: proCAP18, CAP18p, p15A, and p15B. Sulfuric acid extraction of PMNL permits recovery of p15s and BPI in high yields (18, 31) . Freshly collected rabbit peritoneal exudate leukocytes (Ͼ90% PMNL) contained p15s and proCAP18 but little or no CAP18p. However, some conversion of proCAP18 to CAP18p occurred during acid extraction and subsequent dialysis, allowing both proCAP18 and CAP18p to be recovered. Ion-exchange chromatography of dialyzed extracts on SP-Sepharose and a multistep NaCl gradient (Fig.  1A ) first allowed separation of proCAP18 from Ͼ95% of the extracted protein that eluted at Ͻ1 M NaCl and then from the more cationic BPI (Fig. 1C) , CAP18p (Fig. 1D ), and p15s ( Fig.  1E ) that eluted later at higher NaCl concentrations (1.5 to 2 M). Further purification of each of the cathelicidins was accomplished using RP-HPLC on a butyl silica column as described in Materials and Methods, resulting in the purified protein species shown in Fig. 1F .
For each protein species, purity was assessed by SDS-PAGE, RP-HPLC, and immunoblot analyses. proCAP18 was presumptively identified by electrophoretic migration during SDS-PAGE and reaction with goat-anti-rabbit CAP18p serum ( Fig.  1D and G). The recovered protein was refractory to amino acid sequence analysis, indicating a blocked N terminus. Since the cDNA sequence of proCAP18 predicts a single methionine at residue 61, purified protein was treated with CNBr in 75% formic acid and then sequenced. Two sequences were obtained: N-DPQQLEDAKPY-C and N-PQQLEDAKPY-C. The first is identical to the predicted proCAP18 sequence starting at residue 62 and results from CNBr-mediated cleav-age of proCAP18 after Met 61. The second sequence, identical to proCAP18 beginning at Pro 63, is attributable to cleavage of the acid-labile Asp-Pro bond between residues 62 and 63. Electrospray mass spectroscopy confirmed the presence of fulllength proCAP18 (data not shown). Contamination of proCAP18 with CAP18p was about 0.1% by mass (Fig. 1G) .
CAP18p was presumptively identified immunologically and confirmed by complete Edman sequencing. The p15s were identified using a previously described guinea pig anti-rabbit p15 serum (35) and determined to be free of detectable CAP18p contamination by immunoblotting with goat anti-CAP18p serum (Fig. 1G) (limit of detection, Յ0.1% mass contamination).
Using the recovered purified proteins as standards, immunoblots of freshly collected and detergent-extracted rabbit peritoneal exudate PMNL revealed 32 Ϯ 2 g of p15 (A plus B) and 4.4 Ϯ 1 g of proCAP18 per 1 ϫ 10 7 cells. Total recovery of the cathelicidins in purified form (i.e., p15A plus p15B and proCAP18 plus CAP18p) ranged from 35 to 60%.
Antimicrobial activities of purified cathelicidins against E. coli K1/r in isotonic media. Antimicrobial properties of the highly purified rabbit cathelicidins were measured by luminometry of bioluminescent E. coli K1/r as described in Materials and Methods. Results using this direct measurement of bacterial metabolism closely matched the enumeration of colonies after plating in molten agar (reference 26 and data not shown). Under the isotonic salt conditions used, neither the p15 isoforms nor proCAP18 exhibited significant independent antibacterial activity (Fig. 2) . In contrast, CAP18p displayed independent cytotoxic activity (90% inhibitory concentration [IC 90 ], ϳ600 nM) (Fig. 2) .
Antimicrobial synergy between individual cathelicidin species and BPI. Antibacterial synergy between the rabbit p15s and BPI has previously been demonstrated under conditions in which the p15s alone produced no detectable antibacterial effect on E. coli (12, 18) . We therefore reexamined the effects of the four cathelicidin species under the same experimental conditions described above but now in the presence of purified BPI. BPI alone expressed potent antibacterial activity (IC 90 , ϳ10 nM) against E. coli K1/r (Fig. 2) . As previously shown, p15A (and to a lesser extent p15B) decreased the amount of BPI required to achieve an antimicrobial effect (Fig. 3A and  B) . Remarkably, pronounced antibacterial synergy was also observed between BPI and intact proCAP18 (Fig. 3C ) as well as with CAP18p (Fig. 3D ). These findings demonstrate that combinations of each of the unprocessed forms of rabbit cathelicidins with BPI exhibit increased cytotoxic activity against encapsulated E. coli over that of either protein alone.
Antimicrobial synergy between CAP18p and p15s. Independent antibacterial activity of the p15s has been previously reported (12); however, reexamination of those p15 preparations revealed up to 5% contamination with CAP18p (data not shown). That amount of CAP18p alone is insufficient to kill E. coli K1/r (Fig. 2) , raising the possibility that the effects previously observed reflected antibacterial synergy between the p15s and CAP18p. To test this hypothesis, we measured the killing of E. coli by combinations of low doses of CAP18p and increasing amounts of p15A or p15B. Figure 4 shows that both p15A and p15B act in antimicrobial synergy with CAP18p. Thus, the p15s can act in synergy not only with BPI but also with CAP18p.
LPS-neutralizing activity of purified cathelicidins. Both p15s and CAP18p have been shown to neutralize the endotoxic activities of LPS, a unique glycolipid of gram-negative bacteria (8, 11) . We therefore examined the effects of each of the purified rabbit cathelicidins, and of BPI for comparison, on lucigenin-enhanced chemiluminescence of human leukocytes triggered by LPS. In the presence of LBP, LPS produced dosedependent activation of leukocyte chemiluminescence (Fig.  5A ). All four cathelicidins and BPI inhibited LPS-triggered chemiluminescence but with remarkably different potencies (Fig. 5B) . Both p15 isoforms inhibited the chemiluminescent response to 0.1 ng of LPS/ml with an IC 90 of ϳ2 M, whereas BPI and CAP18p had similar effects between 10 and 50 nM and proCAP18 produced similar inhibition at less than 0.1 nM. This effect of proCAP18 was apparently specific for LPS-induced cell activation and did not reflect the toxicity of pro-CAP18 to the leukocytes: activation of leukocytes by added synthetic bacterial lipopeptide was unaffected by proCAP18 at doses that ablated cell responses to LPS (data not shown).
DISCUSSION
The recognition that professional phagocytes and other animal and plant cells produce and store polypeptides that exhibit antimicrobial properties in vitro has stimulated the search for endogenous antibiotics with therapeutic potential (2, 9) . Such studies relied initially upon biochemical purification to characterize these agents. In the case of cathelicidins, molecular cloning strategies have been devised based on the highly conserved N-terminal cathelin-like domain (25) . Sequences corresponding to the predicted C-terminal peptides have served as templates for peptide synthesis, and the resulting molecules have then been functionally characterized (26) .
Few studies have assessed the relative potencies of cathelicidins isolated from the granulocytes of a single mammalian species. To address this issue, we aimed at comparing the bioactivities of the previously identified cathelicidins of rabbit granulocytes alone and in various combinations. However, since previous studies have shown potent synergy among antimicrobial polypeptides (12, 18) , it was imperative to dem-FIG. 2. Antimicrobial activities of purified cathelicidins against E. coli K1/r in isotonic media. Independent antimicrobial activity of rabbit cathelicidins and BPI against E. coli K1/r(pCGLS1) at a concentration of 1 ϫ 10 6 /ml was determined as described in Materials and Methods. Points represent the means of 3 to 20 independent determinations. Bioluminescence of bacterial ATP-dependent luciferase was measured as described in the text after 2 h of incubation. The luminescence of untreated growing control bacteria is 100%, and the antimicrobial effect is the percentage of control light counts remaining after 2 h of incubation.
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on August 29, 2017 by guest http://iai.asm.org/ onstrate that each purified protein was essentially free of contamination by any of the others. According to chromatographic, immunological, and bioassay criteria, virtually pure proCAP18, CAP18p, p15A, p15B, and BPI were obtained by using the methods described here, allowing a meaningful comparison of their activities in our assays. Of the four cathelicidin polypeptides, only CAP18p showed independent antibacterial activity against encapsulated E. coli in buffered isotonic medium but at a level at least 50-fold less than that of BPI. However, under the same conditions, all four cathelicidin species, including the proform of CAP18, acted in synergy with BPI concentrations that alone were less able to kill the target bacteria. BPI exhibits antimicrobial synergy with a variety of hostderived and exogenous compounds, including defensins (11), phospholipase A 2 (3), complement (30) , and antibiotics (13) . In addition, BPI and p15s accumulate in extracellular inflammatory fluids elicited in rabbits by intraperitoneal injection of sterile glycogen (29) . At the concentrations found in vivo, these agents show synergy in vitro (29) . Synergy between BPI and p15s has also been described in whole human blood (11) . These observations provide further evidence of the importance of amplification of antimicrobial host defenses by synergism between many antimicrobial agents present within phagocytes as well as extracellularly after their release.
The revelation that previous preparations of p15s were contaminated with up to 5% CAP18p necessitated a better definition of the participation of each of the individual polypeptides tested. We show here that in the absence of detectable CAP18p contamination (Ͻ0.1% by mass), combinations of p15s and BPI exhibit antimicrobial synergy against E. coli K1/r, although less dramatically than when small amounts of CAP18p are also present. Our data also reveal for the first time synergy among cathelicidin family members, suggesting different mechanisms of action within this family of proteins. The potent synergy between the p15s and CAP18p (Fig. 4) most likely explains the variably observed independent antimicrobial activities of the p15s reported previously (12, 18) .
All proteins tested were able to inhibit LPS-induced chemiluminescence in human leukocytes, although with different relative potencies compared to their independent antimicrobial activities. Both BPI and CAP18p were active in the nanomolar range, as previously reported (7, 11, 15) . The p15s were least active (IC 90 , ϳ2 M). Remarkably, the unprocessed proCAP18 was orders of magnitude more potent on a molar basis than its C-terminal peptide and even BPI. Our findings contrast with an earlier report that observed an endotoxin-neutralizing activity of proCAP18 less than or equal to that of CAP18p (7). It should be noted, however, that the preparations of proCAP18 that were equipotent with CAP18p in those studies were significantly contaminated with CAP18p, as evidenced by Edman degradation and N-terminal sequence analysis (7), precluding, until now, unambiguous functional characterization of proCAP18. Thus, in contrast to the prevailing view that cathelicidins require proteolytic processing for expression of their biological activities, unprocessed rabbit cathelicidins, notably proCAP18, can exert potent LPS-inhibitory activity and act in concert with BPI and other host defense molecules (K. A. Zarember et al., unpublished data) to contribute to antimicrobial host defenses. In this respect, the cathelicidins differ from the defensins, which apparently require full processing and release of the mature C-terminal peptide for the expression of biological activity (6, 27) . The structural basis of the expression of the bioactivities of the unprocessed cathelicidins is not yet known. Of note, whereas the various prodefensins have little or no net charge (16) , rabbit cathelicidins are highly cationic at a physiologic pH (proCAP18, 8ϩ p15, 11ϩ; CAP18p, ϩ11). Thus, if net cationicity is a major determinant of interactions with anionic bacterial surface molecules such as LPS and, hence, of antimicrobial activity, it is not surprising that cationic unprocessed cathelicidins, but not the neutral prodefensins, interact with these bacterial targets. The remarkable potency of proCAP18 in neutralizing endotoxin suggests that structural determinants within the conserved N-terminal cathelin-like domain also contribute to host defense either by mediating interactions with microbial targets or with host systems. The cathelin-like domain may also play a role in other biological activities of cathelicidin proforms that are not exhibited by the C-terminal peptides, including the monocyte chemoattractant activity of proBac5 and the cysteine protease inhibitory activity of proBac7 (28) . The isolation and characterization of the highly conserved cathelin-like domain from different cathelicidins and a reanalysis of cathelin itself should be major targets for future studies.
Our findings lend further credence to the belief that the extracellular accumulation of unprocessed cathelicidins is functionally significant (14, 19, 22, 29, 35) . Unlike the defensins, which are fully processed before storage in and release from cytoplasmic granules (27) , the cathelicidins are stored in the unprocessed form and in granules that are more readily mobilized, permitting substantial extracellular accumulation of unprocessed species (23, (32) (33) (34) (35) . The potent endotoxin-neutralizing activity of proCAP18 is of particular interest as the human homologue (hCAP18) is natively associated with plasma lipoproteins (24) , where it could facilitate lipoproteindependent neutralization and clearance of endotoxin. Although the p15s appear to be less potent, their abundance may confer a substantial role in antimicrobial cytotoxicity, especially after the processing of proCAP18 to CAP18p.
